ABSTRACT High-efficiency utilization of resources has always been the major concern and design objective in the Internet of Things (IoT). In this paper, an orthogonal frequency division multiplexing-based wireless system model for IoT is proposed, where the simultaneous wireless information and power transfer and the non-orthogonal multiple access (NOMA) are jointly used to improve the energy and spectrum utilization. Specifically, terminals can decode information and harvest energy simultaneously in the downlink and transmit signals to the access point (AP) in the uplink. Then, the AP decodes terminals' information based on NOMA. A joint uplink and downlink resource allocation scheme is proposed with the optimization objective to maximize the sum information decoding rate in the uplink under the condition that the target sum information decoding rate in the downlink is guaranteed. To solve the optimization problem, a two-step algorithm is proposed. For the first step, a joint subcarrier and power allocation algorithm is designed to maximize the harvested energy of terminals in the downlink. For the second step, a subslot optimization algorithm is designed to increase the sum information decoding rate in the uplink. Simulation results demonstrate that, compared with the conventional algorithms, the proposed algorithm can not only achieve the maximization of harvested energy but also support higher sum information decoding rate in the uplink. IoT, OFDM, SWIPT, NOMA, optimization. 
I. INTRODUCTION
In past few years, the commercial application and industrial practice of the Internet of Things (IoT) are tremendously promoted thanks to the striking progress of cellular communication technology typically represented by the Fifth Generation (5G) of mobile communications [1] . Since billions of terminals are interconnected in IoT, the scenarios for intelligent applications such as short-distance data transfer, automobiles, drones, remote medical services, smart home, smart city and intelligent logistics can be easily realized [2] . Though the coverage of these applications is quite different, they all require low power consumption because the terminals in IoT are often energy constrained. Also, different applications have different requirements of data rate ranging from approximately 1kbps to above 10Mbps. The prerequisite to
The associate editor coordinating the review of this manuscript and approving it for publication was Jinsong Wu. implement these technical requirements and application scenarios is the satisfaction of available resources. On one hand, massive terminals scramble for the limited spectrum, leading to the scarcity of spectrum resources [3] . On the other hand, owing to the active advocation of green communications and sustainable development around the globe, the enhancement of energy utilization is an urgent requirement for IoT and other systems [4] - [7] .
Factually, IoT belongs to energy-limited wireless networks in which mobile terminals are typically powered by batteries [8] , [9] . In order to extend terminals' service time, rechargeable battery seems to be an optional solution [10] , [11] , but it is bulky, costly and potentially dangerous [12] . As an emerging and promising technique, Simultaneous Wireless Information and Power Transfer (SWIPT), which can harvest Radio Frequency (RF) energy from the surrounding environment to support information transmission, has attracted widespread attention [13] - [15] . RF energy harvesting provides a feasible solution to IoT terminals because the source of energy is sustainable and readily available. However, the receiver circuit in IoT terminals can not perform information decoding and energy harvesting at the same time [16] . In order to tackle this problem, two practical receiver designs, Time Switching (TS) and Power Splitting (PS), have been proposed in [12] . In the TS mode, one timeslot is divided into two subslots which are used for information decoding and energy harvesting, respectively. In the PS mode, the power at the receiver is split into two parts for information decoding and energy harvesting, respectively.
From the perspective of communications, the application of SWIPT to IoT terminals essentially focuses on the optimal tradeoff between the system information decoding rate and the harvested energy which is often solved by computational optimization. So far, many optimization allocation schemes have been proposed for SWIPT based systems. Lu et al. [17] propose a PS scheme based on a point-to-point Orthogonal Frequency Division Multiplexing (OFDM) communication system, in which the harvested energy can be maximized under the constraint of target sum information decoding rate. Lee et al. [18] propose a joint TS protocol for MultipleInput Simple-Output (MISO) systems to obtain the achievable rate region under the constraint of energy harvesting. Kang et al. [19] design a joint transmitter power allocation and receiver power splitting scheme for the SWIPT system with multiple nonlinear energy harvesting circuits to maximize the achievable rate under the constraints of harvested energy and average transmit power. Dong et al. [20] consider massive Multiple-Input Multiple-Output (MIMO) enabled power splitting SWIPT systems to derive the approximate expressions of harvested energy and achievable rate. However, most of the proposed SWIPT schemes only focus on uplink or downlink optimization almost without considering the case of joint uplink and downlink. Moreover, since one timeslot in most literature based on TS is divided into two equal subslots, the system performance may not be optimal that can be further improved by optimizing subslot allocation.
The high-efficiency utilization of spectrum is another vision that IoT has always pursued. When vast quantities of terminals compete for limited wireless channels, the traditional Orthogonal Multiple Access (OMA) schemes are difficult to deal with this situation [21] . Different from the traditional multiplexing domains such as frequency, time, code and space, the power domain is utilized, based on which NonOrthogonal Multiple Access (NOMA) has been proposed to deal with spectrum scarcity in IoT [22] , [23] . The key idea of NOMA is that multiple users are assigned with different transmit powers [24] . Since users multiplexed on the same channel would results in the Multiuser Interference (MUI), the Successive Interference Cancellation (SIC) technique can be used at the receiver to eliminate MUI [25] . Ding et al. [26] provide an overview on the latest progress of NOMA such as Power-Domain NOMA (PD-NOMA), Cognitiveradio NOMA (CR-NOMA) and MIMO-NOMA. In the light of different applications of NOMA, several allocation and modulation schemes have been summarized and suggested. Xu et al. [27] consider a joint subcarrier and power allocation scheme for downlink OFDM-NOMA system, in which two optimal power allocation algorithms are proposed for different number of users to maximize the system capacity. Diamantoulakis et al. [28] study a NOMA based uplink communication system in which two types of decoding order are taken into consideration to optimize the individual data rate and improve the fairness of users. Zewde and Gursoy [29] focus on the coordination of uplink and downlink to optimize the system energy efficiency. The half-duplex operation and asynchronous transmission are taken into account to analyze the optimization problem. Though plenty of research results about the combination of NOMA and other advanced techniques have been presented, there are few works on NOMA based SWIPT in IoT.
According to the analyses above, a SWIPT based wireless OFDM system with uplink NOMA for IoT is investigated in this paper. In the proposed system, the AP transmits OFDM signals to terminals, while terminals can harvest energy and transmit signals to the AP where NOMA is used to decode terminals' information. The optimization objective is to increase the sum information decoding rate in the uplink under the constraint that the target sum information decoding rate in the downlink is guaranteed. A two-step algorithm, which first maximizes the harvested energy of terminals in the downlink and secondly optimizes the subslot allocation, is proposed to deal with the optimization objective. The main contributions of this paper are summarized as follows:
First, a joint uplink and downlink system model combined SWIPT with NOMA is proposed. On one hand, most of the existing research only pays attention to downlink or uplink for SWIPT. On the other hand, there are few results about SWIPT based NOMA systems. The optimization problem of joint uplink and downlink is investigated. Compared with energy-constrained terminals, since the AP is often with sufficient energy and powerful processing capability, NOMA is applied to the uplink and implemented at the AP.
Then, an optimization scheme based on joint subcarrier and power allocation is designed to maximize the harvested energy of terminals in the downlink on the premise that the target sum information decoding rate in the downlink is guaranteed. For this purpose, an iterative optimization algorithm based onthe Lagrange Multiplier is proposed. Unlike the conventional scheme based on equal power allocation, the proposed scheme can increase the harvested energy and improve the power utilization.
Finally, a subslot allocation scheme which divides one timeslot into two subslots is investigated to maximize the sum information decoding rate in the uplink. For some previous schemes, they adopt two equal subslots assigned to uplink and downlink, respectively. Unlike them, the proposed scheme can determine the optimal allocation of two subslots so that the sum information decoding rate in the uplink can be much more increased.
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The remainder of this paper is organized as follows. In Section II, the system model and the formulation of optimization problem are described. In Section III, the two-step algorithm including energy harvesting maximization and subslot allocation to solve the optimization problem is proposed. In Section IV, the simulation results are presented to demonstrate the performance comparison between the proposed algorithm and the conventional algorithm. Finally, the paper is concluded in Section V. 
II. SYSTEM MODEL AND PROBLEM FORMULATION A. SYSTEM MODEL
In this paper, an OFDM-based wireless system model consisting of one AP and N terminals is considered as shown in Fig.1 . It is assumed that the AP and all terminals are equipped with one single antenna. The terminal set is denoted by N = {1, 2, · · · , N }. The total bandwidth is equally divided into K subbands for K subcarriers. The subcarrier set is denoted by K = {1, 2, · · · , K }. The channel gain coefficient of the k-th subcarrier for the n-th terminal is denoted by h k,n . The subcarrier allocation index is denoted by ϕ k,n . Specifically, when the k-th subcarrier is allocated to the n-th terminal, ϕ k,n = 1, otherwise ϕ k,n = 0. The power allocated to the k-th subcarrier is denoted by p k,n . The total transmit power is denoted by P. Here, one timeslot is divided into two subslots with the durations of T and 1−T , which are assigned to the uplink and downlink, respectively. It is assumed that each terminal can decode information and harvest energy simultaneously in the downlink, while transmit signals to the AP in the uplink. In addition, the AP performs NOMA to decode terminals' information.
B. PROBLEM FORMULATION
At the stage of downlink transmission, K subcarriers are divided into two groups K I and K E , with K I , K E ⊆ K and K I + K E = K. The former group is used to decode information, while the latter group is used to harvest energy. It is assumed that each subcarrier can be fully utilized and only used for information decoding or energy harvesting.
The downlink information decoding rate on the k-th subcarrier is given by
where σ k,n denotes the noise on the k-th subcarrier to the n-th terminal. The harvested energy on the k-th subcarrier is given by
where η ∈ (0, 1) is the energy conversion efficiency. At the stage of uplink information transmission, the energy harvested from the AP is utilized for terminals to transmit their signals to the AP. The signals are received and decoded by the AP based on NOMA scheme. Though the NOMA in the downlink can be theoretically performed for multiple terminals, the two-user NOMA is the optimal tradeoff between the performance and the implementation complexity of SIC for terminals [26] . In contrast to the downlink case, the multiuser NOMA in the uplink that does not lay a burden on terminals can be implemented at the AP in practice, because the AP has sufficient energy supply and powerful processing capability. For the sake of simplicity, we sort the subcarriers in group K E according to the ascending order of their channel gain coefficient h k,n and renumber them from 1 to M . Then, the channel gain coefficient of the m-th subcarrier for the n-th terminal is denoted by h m,n . At the AP, SIC is utilized to decode terminals' information. Specifically, when the information on the m-th subcarrier is decoded by the AP, other information on the subcarriers from m+1 to M are regarded as noise. It is worth noting that more advanced NOMA schemes to improve the system performance are beyond the scope of this paper.
Taking the subslot into consideration, the energy carried on the m-th subcarrier can be expressed as p m,n (1 − T ). The actual transmit power on the m-th subcarrier is given by p m,n (1 − T )/T . Therefore, the information decoding rate on the m-th subcarrier is expressed as
After decoding all information on M -1 subcarriers, the information decoding rate on the M -th subcarrier is given by
In this paper, our optimization objective is to maximize the sum information decoding rate in the uplink under the constraint that a target sum information decoding rate in the downlink is guaranteed. It is noteworthy that the uplink and downlink are simultaneously involved in the optimization problem. The solution of the optimization objective is connected with the coupling relationship between the uplink and downlink so that to directly solve this optimization problem is highly complex. In fact, this coupling relationship can be partly separated according to different tasks to decrease the solving complexity [30] . Inspired by the idea, the original optimization problem is divided into two subproblems: energy harvesting and subslot allocation.
The information decoding rate in the uplink is highly dependent on the energy harvested from the downlink directly. Therefore, the objective of the first subproblem is to maximize the harvested energy in the downlink under the constraint that the target sum information decoding rate in the downlink is guaranteed. Thus, the first subproblem is formulated as:
where R T represents the target sum information decoding rate in the downlink. The sum of all terminals' information decoding rate must be greater than or equal to R T . The subcarrier allocation index ϕ k,n guarantees that one subcarrier is only assigned to one terminal. Based on the solution of the first subproblem, the objective of the second subproblem is to maximize the sum information decoding rate in the uplink by optimizing the subslot allocation. Obviously, for the case of T = 0 or T = 1, no time or no energy is available for terminals to transmit signals so that there is no information decoding rate in the uplink. It is hoped to find an optimal T ∈ (0, 1) to achieve the objective. Therefore, the second subproblem is formulated as:
III. OPTIMAL SOLUTION
In this section, a two-step algorithm is proposed to solve the subproblems formulated in Section II. The first step of algorithm is based on the Lagrange Multiplier to deal with the energy harvesting maximization, while the second step is based on the Lambert W function to solve the subslot allocation.
A. ENERGY HARVESTING MAXIMIZATION ALGORITHM FOR THE DOWNLINK
In this subsection, we consider the joint optimization of power and subcarrier allocation to obtain the maximum harvested energy in the downlink. It is obvious that the optimization problem in (5) is nonconvex, which is necessary to be further decomposed. It is assumed that p k,n , K I and K E are known initially. K subcarriers is allocated to N terminals based on h k,n . Without taking the fairness of terminals into account, for the k-th subcarrier, we can find the maximum h k,n and allocate this subcarrier to the n-th terminal. In this case, ϕ k,n is set to 1. Afterwards, (5) can be arranged as
It is noted that p k,n and K become the parameters left to be optimized. The subproblem in (7) is factually a convex problem which can be solved based on the Lagrange dual decomposition. Therefore, the Lagrange dual function of (7) is given by
where, P = {p 1,n , p 2,n , · · · , p k,n } is the set of allocated power. K = {K I , K E } is the set of subcarriers. L(P, K) is the Lagrange function given by (9) , as shown at the bottom of this page. = (λ 1 , λ 2 ) is the non-negative dual variable which is subject to the constraints of total transmit power and sum information decoding rate. Based on the Lagrange Multiplier, the simplified dual optimization problem can be defined as
Because of the differentiability of g( ), (10) can be obtained based on the subgradient method. The subgradients are formulated as
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It is denoted that = ( λ 1 , λ 2 ). can be update by (t + 1) = (t) + v(t) · , where t denotes the number of iterations and v denotes the step size which is negative. In view of the actual terminals and transmission process, can not be equal to zero. Thus, it is considered that with the increase of t, if converges, g( ) can be regarded as the minimum.
The update of is performed based on the optimization of P and K in (9) . The variable control method is utilized to maximize P for a fixed K. The optimal p k,n can be calculated by the partial derivatives of (9), which are given by
Based on the Karush-Kuhn-Tucker condition [31] , (13) and (14) can be set to zero to obtain the optimal p k,n under the condition of k ∈ K I and k ∈ K E , respectively. The optimal p k,n (k ∈ K I ) can be obtained from (13) as
It is obvious that (14) can not be equal to zero unless h 2 k,n η = λ 2 . In the conventional schemes such as [32] , p max and p min are defined as the maximum and minimum power permitted on each subcarrier, ε stands for the energy conversion efficiency and β 2 represents the non-negative dual variable. When h 2 k,n ε > β 2 , p k,n = p max , otherwise, p k,n = p min . As a result, the allocated power for energy harvesting is almost the same. Moreover, with the increase of total transmit power, more power is factually unutilized. In order to improve power utilization and harvest more energy, the linear water-filling algorithm is used to reallocate the unutilized power for information decoding.
The linear water-filling algorithm, which is a common algorithm for power allocation, can adaptively allocate power according to the channel conditions of subcarriers. It allocates more power to the subcarriers with better channel conditions than the ones with poorer channel conditions to improve the information decoding rate. The optimization problem based on the linear water-filling algorithm is also convex, which can be solved by the Lagrange Multiplier. For the sake of simplicity, the subcarrier allocation index is not considered in the calculation. The Lagrange function can be given by
where i is the index of subcarriers in group K E . P E denotes the power unutilized for information decoding. Then, the following derivation based on the partial derivative of (16) can be given as follow.
where k is the index of subcarriers in K E except the i-th one. N E is the number of subcarriers in K E . The optimal p k for the k-th subcarrier in K E can be obtained as
Afterwards, the subcarriers can be reallocated by substituting (15) and (18) into (9) to obtain the optimized K. The simplified formulation can be given by
The simplification process is shown in (20) , as shown at the bottom of this page. It is obvious that Y k is the only part relative to K I . Therefore, K I can be obtained by finding the subcarriers that make Y k positive. These subcarriers are allocated to K I and the others are allocated to K E . Afterwards, the optimized P and K are substituted into (11) to update for the next iteration. By iterations, the optimal harvested energy can be obtained when converges. According to the
analysis above, the optimal solution to the first subproblem can be summarized in Algorithm 1 as follow. Obtain the optimized p k,n from (15) and (18). 4.
Allocate subcarriers to K I and K E by (19) based on the optimized p k,n .
5.
Calculate the subgradient in (11) and (12) by p k,n , K I and K E to update . 6. Until converges.
B. OPTIMAL SUBSLOT ALLOCATION ALGORITHM
Based on the solution to the first subproblem, the objective of this subsection is to maximize the sum information decoding rate in the uplink by optimizing subslot allocation. For the purpose of simplicity, the subcarrier allocation index is not considered in the subsequent discussions. Thus, the information decoding rate for the m-th subcarrier in (3) and the M -th subcarrier in (4) can be respectively arranged as
Then, the sum information decoding rate can be given by
Based on the negativity of the second derivative, it can be easily proved that the maximum R u can be found under the condition of 0 < T < 1. Thus, the optimal T for the maximum R u can be derived by
Thus, when (24) is set to zero, T can be obtained as
where W (x) follows the principle of the Lambert W function, which is given by
The Lambert W function is also called the omega function or product log function. The approximate value of the Lambert W function can be obtained by iterations based on the Newton's method and the Halley's method, or the mathematical software packages such as MATLAB. The Lambert W function is not injective which has many branches. It is considered that the Lambert W function is defined on the branch W 0 (x), and W 0 (x) ≥ −1. Under this condition, x ≥ −1/e. As it can be seen in (25) is not equal to zero so that T ∈ (0, 1) can be guaranteed. Afterwards, the optimal T can be substituted into (23) to obtain the maximum R u .
IV. SIMULATION
In this section, the performance of the proposed two-step algorithm has been investigated by simulations. The number of terminals N is set to 4. The channel bandwidth is set to 1MHz, which is equally divided into K = 16 subcarriers. The subchannels corresponding to the subcarriers follow the Rayleigh distribution, which do not interfere with each other. The channel gain coefficients h k,n are known for the AP and terminals. The noise variance σ k,n is set to 1. The energy conversion efficiency η is set to 0.8. The signals are assumed to be perfectly synchronized.
For the algorithm 1 proposed in Section III, it is assumed that the initial λ 1 and λ 2 are set to 2.2 and 0.6, and the step size is set to 0.02 and 0.002, respectively. The target sum information decoding rate R T is set to 4Mbps and 8Mbps, respectively. The total transmit power P is set to 80mW and 160mW, respectively. The power allocated to the subcarriers based on algorithm 1 is shown in Fig.2 . As shown in Fig.2 , under the condition of identical R T , when P becomes larger, more power should be allocated for energy harvesting because the low target rate R T needs less power. Similarly, in the case of identical P, when R T becomes higher, more power needs to be allocated to guarantee the sum information decoding rate greater than or equal to R T . Thus, the proportion of power utilized for energy harvesting has to be decreased.
The algorithm 2 for the comparison with algorithm 1 is considered in which the total transmit power is equally allocated to subcarriers. The target rate R T is set to 3Mbps, 6Mbps and 9Mbps, respectively. The total transmit power changes from 40mW to 320mW with an interval of 40mW. The curves of the harvested energy versus the total transmit power are shown in Fig.3 . Under the condition of identical R T , it is obvious that the harvested energy based on algorithm 1 is higher than that based on algorithm 2. In addition, with the increase of total transmit power, algorithm 1 considerably outperforms algorithm 2 under the same condition. In addition, the harvested energy based on algorithm 1 is less affected by the target rate R T compared with algorithm 2. This is mainly because the power unutilized for information decoding can be allocated for energy harvesting by iterations based on algorithm 1. Next, it is assumed that R T = 6Mbps and T = 0.5s. When these two algorithms are used in the downlink, the curves of sum information decoding rate in the uplink are simulated which are demonstrated in Fig.4 . As analyzed in Section III, when T is fixed, the sum information decoding rate in the uplink is only determined by the harvested energy. When the total transmit power is low, more power is required to reach the target rate and the power for energy harvesting has to be decreased. With the increase of total transmit power, the sum information decoding rate based on algorithm 1 outperforms that based on algorithm 2. This is because the power utilization for energy harvesting based on algorithm 1 grows faster than that based on algorithm 2.
Afterwards, the performance of NOMA is compared with the orthogonal multiple access typically represented by Time Division Multiple Access (TDMA) in the uplink. TDMA divides one timeslot into several equal subslots which do not overlap each other. Terminals send their signals to the AP in their specific subslot. It is assumed that the signals are perfectly synchronized, the AP decodes the signals in their corresponding subslot. It is assumed that R T = 6Mbps and T = 0.5s. Under the condition that the energy harvested in the downlink is constant, the curves of sum information decoding rate in the uplink based on NOMA and TDMA are demonstrated in Fig.5 . It is worth noting that the sum information decoding rate based on NOMA is much higher than that based on TDMA. This is because terminals can achieve simultaneous access at the AP based on NOMA. Thus, the utilization of time resource can be improved. Furthermore, the sum information decoding rate in the uplink can also be increased. Fig.6 shows the sum information decoding rate in the uplink versus T , where the total transmit power P is set to 80mW, 160mW, 240mW and 320mW, respectively. Fig.7 shows T versus the total transmit power, where R T is set to 4Mbps, 5Mbps and 6Mbps, respectively. As shown in Fig.6 and Fig.7 , it can be found that no matter how R T changes, the value of the optimal T is always similar. However, with the increase of P, the optimal T becomes large, owing to that more proportion of timeslot should be allocated for uplink to achieve higher sum information decoding rate. Fig.8 shows the sum information decoding rate in the uplink versus total transmit power. According to the discussions above, under the same condition that terminals harvest energy based on algorithm 1 in the downlink and the AP decodes terminals' signals based on NOMA in the uplink, the sum information decoding rate based on the optimal T is much higher than that of T = 0.5s.
V. CONCLUSION
In this paper, an OFDM-based wireless SWIPT system for IoT scenarios is considered, in which each terminal can decode information and harvest energy simultaneously in the downlink and transmit signal to the AP in the uplink. The optimization objective is to maximize the sum information decoding rate in the uplink under the condition that the target sum information decoding rate in the downlink is guaranteed. In order to achieve this objective, a two-step algorithm is proposed. At the stage of downlink, subcarriers are divided into two groups for information decoding and energy harvesting, respectively. The energy harvested by terminals can be maximized by the allocation scheme of power and subcarriers based on the Lagrange Multiplier. Afterwards, at the stage of uplink, NOMA and SIC are utilized at the AP to decode information and increase the sum information decoding rate in the uplink. Moreover, the sum information decoding rate in the uplink is further enhanced by optimizing the subslot allocation which is achieved based on the Lambert W function. As demonstrated by the simulations, under the same condition, the proposed two-step algorithm can achieve a higher information rate in the uplink compared with the traditional schemes.
